Neuropathologica l lesions found in chronic human Minamata disease tend to be localized in the calcarine cortex of occipital lobes, the pre-and postcentral lobuli, and the temporal gyri. The mechanism for the selective vulnerability is still not clear, though several hypotheses have been proposed. One hypothesi s is vascular and postulates that the lesions are the result of ischemia secondary to compression of sulcal arteries from methylmercuryinduced cerebral edema. To test this hypothesis, we studied common marmosets because the cerebrum of marmosets has 2 distinct deep sulci, the calcarine and Sylvian ssures. MRI analysis, mercury assays of tissue specimens, histologic and histochemical studies of the brain are reported and discussed. Brains sacri ced early after exposure to methylmercury showed high contents of methylmercury and edema of the cerebral white matter. These results may explain the selective cortical degeneration along the deep cerebral ssures or sulci.
INTRODUCTION
Neuropathological lesions have been found in the calcarine cortex of the occipital lobes, pre-and postcentral gyri and temporal transverse gyri in the cerebrum of patients who died of Minamata disease (24, 26) .
Several factors have been considered to explain such selective localization of the cerebral lesions. They potentially contain neurons that may be damaged preferentially, such as small neurons in the cerebellar cortex, and possibly different microenvironments of the cerebrum are more susceptible to lesions.
With regard to the last potential factor, we have noticed that there are histopathological similarities between Minamata disease and anoxic-ischemic encephalopathy, pointing to a possibility of vascular factor in the development of cerebral lesions in Minamata disease (3, 25) . We have noted that the most vulnerable sites of cerebral lesions in experimental methylmercury intoxication are in the cortices along deep sulci and ssures. These cortices are also either selectively or more severely involved in anoxic-ischemic encephalopathy since they are supplied by sulcal branches of leptomeningeal arteries. The latter are more vulnerable to compression by cerebral edema when they are in deep sulci and ssures, as opposed to those branches on the surface or in the shallow sulci (22) . Cerebral edema has not been observed in the autopsied brains of human Minamata disease when the patients died months and years after exposure to organic mercury. How-ever, cerebral edema may appear in the early stage and later subside in methylmercury intoxication. To test this prior hypothesis, we used common marmosets, which have 2 deep ssures-calcarine and Sylvian. The animal experiment committee of National Institute for Minamata Disease reviewed this study.
MATERIALS AND METHODS
Four adult male marmosets weighing 340 to 420 g (4 years of age) were used for the experiments. The animals were divided into 2 groups of 2 each. Methylmercury was added daily to the drinking water (5 l g Hg/ml). Four control animals were given water (100 ml/day). The breeding methods for the animals are followed: room temperature and humidity were kept at 26 1 C and 50 5%, respectively. Lighting time was set from 7:00 a.m. to 7:00 p.m. in the room. Animal cages were made of stainless steel and included a food box and perch. Sides of the cage measured 65 55 65 cm to hold 2 animals. Animals were fed with small primates expanded S-type feeds made by Oriental Yeast Co, LTD, Tokyo, Japan. The rst group of 2 animals were sacri ced when blood mercury levels reached 8 l g Hg/ml, before the appearance of any clinical sign of mercury poisoning ( Figure 1 ). The duration of exposure in this group was about 1 month. Methylmercury exposure to the second group ceased when the blood mercury levels attained 10 l g Hg/ml, and the animals were allowed to live for 205 more years before being sacri ced.
A video tape recorder recorded the clinical condition in animals, and MRI scans were obtained in 2 animals in the Group I (99-02, 99-03) (prior to sacri cing) using a 1.5-T clinical MR unit at the Kumamoto University School of Medicine. TOXICOLOGIC PATHOLOGY T1-weighted images were obtained using a spin-echo sequence with 470/14/8 (TR, TE, NEX), and T2-weighted images were obtained using a fast spin-echo sequence with 3500/96/15/7 (TR, TE, NEX, ETL) in sagittal and coronal planes. The section thickness was 2 mm; eld of view was 53 70 mm; and the matrix was 112 256. On T1-and T2-weighted images, signal intensities of the gray and white matter of the occipital lobe, as well as the width of the calcarine ssure, were compared to controls.
The content of total mercury in blood was measured once a week. The analytical methods were followed by Jacobs et al. (4) . The 2 animals in the rst group were sacri ced FIGURE 2.-A brain of a common marmoset in a control. There is no sulcus centralis (Rolandi). 37 days after the start of the experiment. Blood was solvated from the heart under pentobarbital anesthesia (given via intra peritoneum), and then perfused via the heart with 0.9% saline followed by 4% paraformaldehyde in phosphate buffered solution. Selections of brain, kidney, and liver were excised and xed in 10% neutral formalin. These tissues were processed through ethanol and xylol, and then embedded in paraf n. Next, 6-l thick sections were stained with H&E, Klüver-Barrera, Bodian, and Masson's trichrome stains as well as photo-emulsion histochemical stain for inorganic mercury (19) . Another animal brain was perfused with 100 ml of buffer formalin through ascending aorta, followed by an injection of 40 ml of methacrylate resin (Mercox CL-2R, produced by Dainippon Inc, Tokyo). Half-centimeter-thick coronal sections of the brains were obtained, and the sections were immersed in 20% KOH solution for 10 to 14 days to dissolve the brain tissue. After washing with tap water, the blood vessel cast thus obtained was freeze-dried. The specimens were coated with gold-palladium in a vacuum evaporator and then studied using scanning electron microscopy. The total mercury level in each tissue sample for inorganic mercury was determined by removing methylmercury using benzene-petroleum ether extraction from the tissue homogenate as reported previously (28) . Determination of methylmercury was carried out using ECD gasliquid chromatography. The gray/white matter area ratio of the occipital lobes was estimated in the experimental and control animals by the comparable of the weights of paper.
RESULTS
Just before the termination of experiment, the 2 methylmercury-treated common marmosets appeared restless, irritable, and showed a mild ataxia of the hind limbs compared with the control case. Their body weights had decreased, but less than only by 50 grams in both cases ( Figure 1 ). Total blood mercury levels of the 2 methylmercury-treated animals were measured once a week. The levels reached about 7 l g Hg/ml at the time of autopsy ( Figure 1 ). The total levels of mercury, inorganic and methylmercury of the cerebrum, cerebellum, liver and kidney of a control animal are shown. The levels of mercury in the control case were almost zero, whereas the experimental animal showed high total mercury levels in every organ tissue. The ratio of methylmercury in treated animals to total mercury (M/T) was very high. Mercury granules were identi ed in the liver and kidney of an experimental animal.
The cerebrum of common marmosets has no sulcus centralis (Rolandi) ( Figure 2 ). However, there are 2 deep ssures, a calcarine and a Sylvian (Figure 3 ). The T2-weighted sagittal MRI of an acute case of methylmercury-treated (99-02, 35 days) showed indistinct margins of the calcarine and Sylvian ssures ( Figure 4 ) compared with the control ( Figure 5 ). Gross observation of the medial surface of the right hemisphere in the acute case showed edema of the tissue surrounding the calcarine ssure ( Figure 6 ) compared with the control (Figure 7) . The calcarine ssures were indistinct on T2-weighted coronal MRI of (Figures 8 and 9 ) of an acute case. Gross examination of coronal sections of the occipital lobe in the acute case showed compression of the calcarine ssures ( Figure 10 ). This was not observed in the calcarine ssures of the control (Figure 11 ).
Microscopically the calcarine cortex of the acute case showed gliosis in the second to third layers ( Figure 12 ), and atrophy of the whole cortex compared with the control ( Figure 13 ). GFAP stain demonstrated astrogliosis compared to controls (Figures 14 and 15 ). The occipital lobe white matter showed microcystic change on Klüver-Barrera stain (Figures 16 and 18 ) compared with the control case (Figures 17 and 19 ).
T2-weighted sagittal and coronal images of another acute case (99-03) showed indistinct images of the calcarine and Sylvian ssures similar to the equivalent images of the acute case (99-02) (Figures 20 and 21) .
The capillary networks of the calcarine cortices were markedly distorted and shrunken (99-03) ( Figure 22 ) compared with those of controls ( Figure 23 ).
The gray/white matter ratio of occipital lobes was measured in 3 acute cases of methylmercury-treated animals and 2 control cases. The gray/white ratio in the acute cases was decreased to that of controls. The difference of the ratio was statistically signi cant ( p < 0.001).
DISCUSSION
There are selective lesions of the cerebrum in human cases of methylmercury poisoning (Minamata disease). That is, the selective lesions of neuronal loss are found in anterior parts of calcarine cortex, post-and precentral gyri, and temporal transverse gyri. The reason for this selective vulnerability is not clear. The mechanism of acute cytotoxicity of methylmercury needs to be clari ed, as does the remarkable regional selectivity for same. The following hypotheses and observa- tions may guide future studies in these areas: (i) apoptosis may play a mechanism in methylmercury-mediated neuronal death, as was shown in the granule cells of the cerebellum (15) (16) (17) . Apoptosis of myogenic cells occurs in the presence of low concentration of methylmercury (27) . (ii) Disruption of microtubules occurs as a characteristic change in methylmercury-treated culture cells (9-11), and (iii) reactive oxygen species have been implicated in the death of cerebellar granule cells (1, 6) . The tendency of small neurons to be damaged preferentially may be a clue to the mechanism of the cytotoxic action (2) . However, the granule cells of second and fourth layers of the cortices are not always damaged (26) .
Microenvironments in different regions of the brain might also explain these observations. For instance, we have noticed a similarity between anoxia and Minamata disease with respect to the localization of cerebral lesions, and suggests the role of circulatory disturbance in the generation of the site speci city (25, 26) . In addition, damage to the blood-brain barrier may play some role. If this should occur, it might not only aggravate anoxia but also bring about a decrease in glucose supply, which could be neurotoxic. Takeuchi and Eto (26) proposed that the selectivity of the cerebral lesions in Minamata disease is caused by 1) the cytotoxicity of methylmercury to the neurons, 2) a special system of the blood supply in the brain, and 3) the anoxia with lack of glycogen due to possible damage to the blood-brain barrier. We also noted in the same studies that the preferred sites for methylmercuryinduced damage in the brain roughly coincided with the portion where the arterial branches are particularly complex. The loss of blood supply might be accounted for by focal compression of arteries due to localized edema in perivascular space.
To demonstrate this hypothesis, common marmosets were used for the experiment of methylmercury poisoning, a species of animals already commonly used to test methylmercury poisoning in our Institute (7, 8) . Common marmosets were selected for the study for the followings reasons. First, the animals have deep sulci in the cerebrum, and allow investigation of the selective vulnerability in the cerebrum of Minamata disease patients. Rodents are often used for methylmercury poisoning, but their cerebrum lack deep sulci. The experiment of methylmercury poisoning in rodents is useful for the peripheral nerve damage (12) (13) (14) , however. Second, the study animal should be a primate. Rhesus monkeys have 3 deep sulci in the cerebrum, that is, central, Sylvian, and calcarine ssures. Methylmercury poisoning in rhesus monkeys show no lesions in the cerebellum and peripheral nerves (5, 20) and therefore, cannot properly represent Minamata disease. We have selected common marmosets because of their 2 deep sulci, (Sylvian and calcarine ssures). These animals show also the lesions of methylmercury poisoning in the cerebrum, cerebellum, and peripheral nerve as in cases of human methylmercury poisoning (Minamata disease). The contents of total mercury in blood of the animals were measured weekly. Methylmercury administration was stopped before the total mercury level reached 10 l g Hg/ml in the blood. In preliminary examinations, over the dose of 10 l g Hg/ml in the blood of common marmosets showed severe clinical signs of methylmercury poisoning. Slight ataxia was recognized on the macroscopic observations in these 2 cases. Calcarine and Sylvian ssures of the 2 animals were poorly visualized in T2-weighted MR image compared with control cases. In the acute phase, T2weighted images showed decrease in contrast between the gray matter and white matter in the occipital lobe, which re ected increase in the signal intensity of the white matter, probably due to white matter edema. There are no apparent decreases in contrast in the anterior areas of the brain. T1weighted images did not depict any abnormal ndings. The calcarine ssure was not dilated on the MR images.
The calcarine ssures were compressed by surrounding calcarine cartices at autopsy. The areas of the white matter of experimental animals were greater than the control. Slight gliosis was found in the calcarine cortex. The vessels on the surface of treated calcarine cortex showed shrinkage and distortion compared with control animals. These vessel changes might be explained by the atrophy of calcarine cortex due to the loss of neurons and gliosis. Alternatively, secondary compression of subarachnoid arteries and calcarine cortex by edema may have contributed to the change (21, 22) . The ndings suggest that the localization of selective lesions in methylmercury poisoning may be caused by cerebral edema of the white matter in the calcarine cortex. Mild lesions were found the cortices along the Sylvian ssure, but the histopathological changes were less severe than those of the calcarine cortices. In an autoradiographic study using la- beled ethylmercury chloride, the experimental monkey had edematous changes in the brain at 20 hours (23) .
From this fact, it is hypothesized that white matter edema occurring during acute methylmercury poisoning leads to compression of sulcal arteries and focal vascular insufciency of the calcarine cortex. These ndings might also provide a mechanism for the constriction of visual elds in Minamata disease. In Minamata disease, the anterior parts of calcarine cortices show severe pathological changes compared with the occipital portion. The anterior parts of the calcarine cortices correspond to the peripheral eye elds, and their posterior parts correspond to the central eye elds (18) .
The white matter surrounding the anterior aspect of the calcarine ssure is larger than that of the occipital portion. Therefore, the anterior parts of calcarine might be more affected by edema of the white matter. The ratio of methylmercury to total mercury was high in every organ of the cerebrum, cerebellum, liver, and kidney of treated animals. The increased inorganic mercury was due to the mechanism of demethylation in the organ tissues. 
CONCLUSIONS
Three conclusions can be drawn from our results:
1. In common marmosets, the most affected area of the cerebrum after methylmercury poisoning is the occipital lobes. 2. Acute poisoning shows high contents of methylmercury within edematous white matter of the cerebrum. 3. These results suggest that edema in the white matter near the deep sulci (calcarine ssure) may contribute to the selective damage of the calcarine cortex.
